MAE, which had been succeeded in the extraction of organic compounds from solid samples such as soil, sediments, plants and animal tissues, [4] [5] [6] [7] [8] [9] [10] [11] needs less organic solvent and shorter extraction time than traditional extraction methods such as Soxhlet extraction. 7 However, there are several disadvantages in using organic solvent for microwave-assisted extraction. First, most organic solvents may be dangerous to the operators and may result in environmental pollution because of the waste solvent disposal. Second, the organic solvent should generally be capable of absorbing the microwave energy. In some cases, solvents with low dielectric constants (low absorption of microwave energy) may be used, so a material may be added to absorb the energy and transfer it to the sample. Most of the time, this could be achieved by adding water to the sample matrix. 8 Moreover, organic solvents at relative high temperature and pressure may corrode the equipment, especially the extraction vessel. 9 Some researches have reported the microwave-assisted extraction of organic pollutants (e.g. organochlorine pesticides in medicinal plants) 10 by using water as the solvent.
However, when MAE being applied to extract phenols in solid samples, organic solvents are always used as the solvent to extract analytes. Llompart et al. 11 applied 10 mL acetone-hexane (4:1) to microwave-assisted extraction of phenol and methylphenol isomers in soil samples, and a mean recovery of 90 -98% was achieved. Lopez-Avila et al. 5 used acetone and hexane (1:1) to extract several phenolics in soil and sediment by applying microwave energy. Under the selected extraction conditions, the recovery values of chlorophenols, alkylphenol and nitrophenol are 55 -79%, 76 -80% and 9 -74%, respectively. The combined procedures of MAE-SPE or MAE-SPME had been developed for determination of xenoestrogens 4-tertoctylphenol and bisphenol A in water and fish tissue 12 and organochlorine pesticides in medicinal plants. 10 When organic solvent is used for microwave-assisted extraction, some problems mentioned above would easily occurred. Alkaline water was applied to extract phenols in standard reference soils and sediments by mixing them at the ambient pressure and temperature, 13 and the mean recovery of phenols was 60 -80%. In this work, we applied alkaline water for the extraction of phenols in solid samples; here the phenols were present as phenoates and would be extracted by water. After the microwave-assisted extraction, a microcolumn solid phase extraction procedure was applied to concentrate the analytes from alkaline water. The analytes were eluted from the solid phase by using 1 mL of ethanol and then determined by GC-FID. In this work, by applying microwave energy to the extraction, the benefits of being organic solvent-free, extractiontime saving, and higher recoveries of analytes were achieved. The mean recovery of most studied phenols is above 80%. The procedure was applied to determine the phenols in sediment samples of Ya'er Lake (southeast of Wuhan, Hubei province, P. R. China). The RSD is about 5.0% and the results were good agreement with those obtained by Soxhlet extraction-GC. microwave extraction system (Research Institute of Microwave Application; Shanghai, China). The pressure of the extraction vessel was monitored and controlled by an optical fiber system. The information for GC and SPE portion is shown in Table 1 .
The sediments were obtained from five separate parts of Ya'er Lake, Wuhan, P. R. China. The samples were air-dried at ambient temperature for more than 10 days. Then they were sieved to a particle size below 300 µm; the powders were bottled and stored in refrigerator at 4˚C for 1 month before the first extraction. The samples of additional standard phenols (0.100 mg/L for each phenol) were prepared as the reference. 13 Phenols were obtained from SIGMA. The other reagents were analytical grade; the high purity water (made from a compact ultrapure water system, EASYpure LF, US) was used throughout the experiment.
GC analysis
Although the electron capture detector (ECD) has a very high sensitivity for detection of organic compounds containing chloride, the flame ionization detector (FID) was applied because some other materials containing no chloride phenols such as Ph and 4NP were analyzed in this work. Under the operation conditions shown in Table 1 , a good resolution of the six phenols was obtained (Fig. 1) . Calibration curves were constructed at four concentration levels, using appropriately ethanol-diluted standards. The linear range, as well as the detection limits (S/N = 3) and the quantification limits (S/N = 10), are shown in Table 2 .
Microwave-assisted extraction
Several 5.000 g samples were introduced into a sealed PTFE vessel, and an appropriate volume of NaOH solution with different pH was added. The vessel was then sealed and put into the microwave extraction system. The samples were extracted for several minutes at a certain pressure. After cooling the vessel was opened and the solution was transferred into a centrifugal tube; then the vessel was washed for 3 times by using about 1 -2 mL of NaOH solution. These were put together with the extraction solution. After the solution was centrifuged, HCl (1:1) was added to adjust pH of the solution to 1. Then the solution was centrifuged again, filtered through a membrane (0.45 µm) and prepared for the SPE clean-up.
SPE clean-up
Activated carbon fiber (ACF) was used as the solid phase, which had been modified in our laboratory. 14 The ACF was treated by Soxhlet extracted with acetone and hexane (1:1) for 4 h and then heated at 300˚C for 2 h before use. The treated ACF was fixed in a microcolumn as shown in Fig. 2 . The alkaline water containing analytes was passed through the microcolumn SPE device at the speed of 3 mL/min, and then eluted reversely by using 1 mL of ethanol at the speed of 0.5 mL/min.
Results and Discussion

Considerations of MAE process
Unlike those temperature controlled MAE systems, the one used in this work is pressure controlled and has succeeded in the environmental samples preparation. 9, 15, 16 The relationship of the pressure and temperature could be established. A certain volume of solvent is placed in a stopped vessel; with the heating by microwave energy, the solvent vaporizes and the pressure 1488 ANALYTICAL SCIENCES NOVEMBER 2003, VOL. 19 Fig. 1 Chromatogram of a spiked sediment sample using the operating conditions in Table 1 . increases along with the increase of temperature. Therefore, the higher pressure indicates higher temperature with the same volume of solvent, or less volume of solvent means higher temperature at the same pressure. In addition, this type of MAE has been applied to the samples' digestion for elemental analysis. 16 To check whether the phenols are destroyed or not under microwave energy, 20 mL of NaOH solution (pH = 9) containing 50 µg or 100 µg of each phenol was extracted for 8 min using microwaves. The recoveries of phenols were 95 -110% (2.5 µg/mL) and 85 -114% (5 µg/mL). Furthermore, a good recovery of phenols in sediments was also achieved. It shows that there is no significant degradation of phenols under the selected operation condition.
Optimization of the MAE
In this paper, the variables considered in the MAE optimization were pressure, volume and pH of alkaline water, and the extraction time. A three-level central orthogonal composite design involving 9 runs and four central points was chosen. [17] [18] [19] The design conditions and the recoveries obtained in each run are shown in Table 3 . The influences of combined factors on the recoveries of the phenols were studied (Fig. 3) . The ordinate indicated the statistical significance bounds of the recoveries of each phenol at the same level. As can been seen, the main factors influencing the recoveries of Ph, 24DCP and PCP were pressure and pH, while pH and the extraction time influenced the recoveries of 4CP significantly. Moreover, pH and the volume of alkaline water were the significant factors of 4NP, and the four factors were a significant level to 2CP and PCP.
According to the results shown in Fig. 3 and Table 3 , the optimization of MAE operation condition for each phenol was different. At a relatively low pressure (2 atm), the high recoveries of phenols, except 4CP, could be obtained. And recoveries of 24DCP and 4CP could be achieved at pH of 13, and pH of 9 for 4Ph and PCP. The recovery of Ph, 24DCP and 4NP did not change significantly when the extraction time was 4 to 8 min. The efficient extraction for 2CP and 4CP needed more than 6 min, whereas a relatively short time of 4 min was suitable for extraction of PCP; the recovery would decrease when the extraction time was longer. With the volume of solvent, most phenols could be extracted efficiently by 20 mL of alkaline water. Therefore, the optimization of MAE was 2 atm of pressure, 6 min extraction and 20 mL NaOH solution (pH = 9).
Clean-up of the extracts
In this work, C18 and active carbon fiber (ACF) was used as the solid phase of SPE clean-up. The recoveries of phenols were better when using ACF. The results of adsorbing and eluting by ethanol achieved the results in Table 4 .
Before passing through the SPE column, alkaline water should be acidified to transfer the phenate to phenols, which could be absorbed by ACF. So the pH of the final solution after MAE was an important factor influencing the clean-up of phenols. The recoveries of phenols in the acidified alkaline solution at the pH of 1 and 4 are shown in Table 5 . At the pH of 1, the good recoveries of phenols could be obtained.
Determination of phenols in sediments
The overall method had been applied for the determination of phenols in sediments of Ya'er Lake. The results are seen in Table 6 and show good agreement with those obtained by Soxhlet extraction-GC.
Conclusion
This organic solvent-free MAE of phenols has the advantages of 1489 ANALYTICAL SCIENCES NOVEMBER 2003, VOL. 19 safety, speediness and simplicity. If one uses water as extraction solvent, the danger of organic solvent disposal to environment, as well as to the operator and equipment, can be avoided. With the overall method, only a little volume (1 mL) of ethanol with relative low toxicity was involved. Moreover, the recoveries of phenols by alkaline water MAE were much higher than those obtained by alkaline water without microwave energy as described in reference. 12 The application of an orthogonal design could get the optimization of MAE very simply. The operation parameters such as pressure, extraction time, pH and the volume of water influenced the extraction of phenols in sediments significantly. In this work, the proper condition of MAE, i.e. pH 9 and 20 mL of alkaline water, pressure at 2 atm and 4 min extraction, could be obtained by 9 selected runs experimentation. Under the chosen condition, the recoveries of most phenols were more than 90%. The developed method had been applied for the determination of phenols such as phenol, 2-chlorophenol, 2,4-dichlorophenol, 4-chlorophenol, 4-dinitrophenol and pentachlorophenol in lake sediments. The results were in good agreement with those obtained by Soxhlet extraction-GC. 
